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ICE SHEET MODELING
Ice sheet modeling underpins much ofour understand-
ing of the Antarctic Ice Sheet. A primary motivation
for developing mathematical models of ice flow is to
gain better insight of the key processes controlling ice-
sheet behaviour and to predict the ice sheet's response
to external forcing. Modeling necessarily implies a
simplified description of reality, however analytical
methods can only be used for the most simple pro-
blems. Therefore, ice-dynamic models use numerical
methods to solve continuous equations on a numeri-
cal grid with the aid of a computer. Ice-flow models
are commonly based on fundamental physical laws
and assumptions thought to describe glacier flow.
Models can be separated into two categories-
namely diagnostic and prognostic models. A diagnos-
tic model describes a certain process while a prognos-
tic model predicts how a quantity or process evolves
with time. Diagnostic ice-sheet models often isolate a
small part of the ice sheet in great detail or consider
the physics of a specific process in a schematic way.
They are useful to highlight the importanca of certain
mechanisms and provide insight in key processes gov-
erning ice flow. Prognostic models mostly predict the
evolution of ice thickness and thus glacier geometry
over time. Such models often attempt to be comprehen-
sive in the number of processes taken into account-
however sometimes at the expense of a rigorous con-
sideration ofthe full details ofa particular component.
A further distinction can be made on how models
embody horizontal space: either they study the dy-
namics of selected one-dimensional flowlines within
the ice sheet or they study the ice sheet in the full two-
dimensional horizontal plane. The former type is
often refeffed to as flowline or flowband model and
the latter as planform model. Planform models often
average processes over the vertical extent, in which
case these models are referred to as two-dimensional
planform or vertically integrated models. Otherwise
they incorporate vertical processes explicitly. Exam-
ples of such vertical processes are ice temperature.
stress, and velocity components, as well as ice crystal
fabric and water content. Such models are called
three-dimensional thermomechanical models and are
at the top end of the class of ice-sheet models. They
are able to describe the time-dependent flow and
shape of real ice sheets, and are akin to general circu-
lation models developed in other branches of climate
science. Their development closely follows technical
process in such fields as computer power, ice-core and
sediment drilling, remote sensing, and geophysical
dating techniques, which are both providing the re-
quired calculating means and the necessary data to
feed and validate such models.
ENVIRONMENTAL
INPUT
' surtace temperature
'snow accumulation
ICE SHELF
' ice lhickness
ICE SHEET
'basals l id ing
' ice thickness :
' basal melting
' age dislribution r-cl : :s
BEDROCK
' verllcal displacernent
Structure of a comprehensive three-dimensional ice-sheet model applied to the Antarctic ice sheet. The inputs are given at the
left-hand side. prescribed environmental vaiables d ve the model, which has ice shelves, grounded ice, and bed adjustment as
major components. The position of the grounding line is not prescdbed, but intemally generated. Ice thickness feeds back on
sur"face levation, an important parameGr for the calculation of the mass balance. The model essentially outputs the time-
dependent ice-sheet geometry and the coupled temperature and velocity fields. (From Huybrechts 2004.)
Historically, planform time-dependent rnodeling of
ice sheets largely stems from early work by Mahaffy
(1976) and Jenssen (1977), extending on the pio-
neering "Derived Physical Characteristics of the Ant-
arctic Ice Sheet" of W. F. Budd and colleagues at the
Australian National Antarctic Research Expeditions
published in i971. These landmark studies introduced
many concepts and techniques that are still used in
glaciology today. The most important concept made
use ofthe lact that the horizontal extent of an ice sheet
is large compared with its thickness. In what b€came
known as the shallow-ice approximation (Hutter
1983), longitudinal derivatives of stress, velocity, and
temperature are assumed small compared to vertical
derivatives. This greatly simplifies the numerical solu-
tion. Although the assumption is only fully satisfied
over inland portions of continentally based ice, it has
shown general applicability in large-scale ice-sheet
modeling as long as surface slopes are evaluated over
horizontal distances at least an order of magnitude
sreater than ice thickness.
ICE SHEET MODELING
The core of an ice-sheet model calculates how ice
flows downhill in response to slresses set up by graviry.
This ice flow results from intemal deformation and
from ice slidingover its bed where the basal temperature
has reached the melting temperature and a lubricating
water-saturated layer has fotmed. Whereas basal slid-
ing depends to a large extent on the properties ofthe bed
under the ice, intemal deformation is the inherent man-
ifestation of individual ice crystals subjected to stress.
This deformation is reasonably well understood on the
macro scale and can be reliably modelled taking into
account Glen's flow law. That is an empirical relation
derived from laboratory tests, which is most commonly
used in ice flow modeling. It considers ic.e as a nonlinear
viscoelastic fluid, relating strain rates to stresses raised
mostly to the third power. The rate of deformation for a
given stress also depends on the temperature of the ice
and the fabric of the ice. The warmer the ice, the easier
ir deforms. For the temperature range encountered
in the Antarctic Ice Sheet, three orders of magnitude
are involved. In the flow law, this temperature effect
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is usually incorporated by adopting a temperature-
dependent rate factor. If the ice temperature is cal-
culated simultaneously with the velocity field, the
flow is called thermomechanically coupled. In some
instances, the ice has developed a strong fabric, with
the majority of crystal axes aligned in one prefered
direction, making the ice "soft" with respect o some
stress and "hard" with respect o other stresses, Such
fabric development may influence the strain for a
given stress by an additional factor 3 to 10.
Because glacier flow is sufficiently slow that accel-
erations can be neglected, Newton's second law of
motion reduces to an equilibrium of forces. The ac-
tion force making ice flow in the direction of decreas-
ing surface elevation is the driving stress. This action
is opposed by resistive forces acting at the boundaries
of the ice mass. These boundaries include the glacier
bed (basal drag), the lateral margins (lateral drag),
and the up- and down-glacial ends (gradients in lon-
gitudinal stress). In interior portions of ice sheets, the
force balance is essentially between the driving stress
and basal drag as predicted by the shallow-ice ap-
proximation. In floating ice shelves, there is negligible
basal friction and the driving stress is balanced by
gradients in longitudinal stresses and by lateral drag.
This makes the velocity calculation nonlocal as op-
posed to inland ice flow. In ice shelves, driving stress
is balanced more broadly, so that modelling the beha-
viour at any point requires knowledge of all of the
surrounding stresses affecting the ice mass. Lateral
drag and longitudinal stress gradients also play an im-
portant role in the fast outlet glaciers and ice streams
that are responsible for the bulk of the ice discharge
towards themargin. As such they represent a transition-
al region between inland-ice and ice-shelf dynamics.
Because of the low driving stresses in the downstream
portions of such ice streams, much, if not all, of the
differential flow between the ice surface and the bedrock
is caused by either basal sliding or by deforrnation of
a subglacial mud (till) layer. Fast-glacier conditions at
the base are, however, poorly understood. Processes
related to bed roughness, till rheology, and basal
water pressure are all thought to be important ele-
ments, but a realistic basal boundary condition for
use in numerical models has not yet been developed.
Based on these principles, the advent of bigger and
faster computers has allowed elaborate numerical
models of the Antarctic Ice Sheet to be constructed.
At the heart of such a model is the simultaneous
solution of two evolutionary equations for ice thick-
ness and temperature, together with diagnostic repre-
sentations of the ice velocity components. These
express fundamental conservation laws for momen-
tum, mass, and heat, supplemented with Glen's flow
law for polycrystalline ice deformation. The model
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solves the thermomechanically coupled equations
for ice flow in three subdomains, namely the ground-
ed ice sheet, the floating ice shelf, and a stress transi-
tion zone in between at the grounding line. The flow
within the three subdomains is coupled through the
continuity equation for ice thickness, from which
the temporal evolution of ice sheet elevation and ic€
sheet extent can be calculated by applying a flotation
criterion. The latter treatment allows for migration of
the grounding line, separating the land-based ice from
the surrounding ice shelf, in response to changes in
climatic boundary conditions. The various subdomains
reflect the two major traditions of ice-deformation mo
deling, evident in the very different physical conditions
in ice shelves versus inland ice. An important difficul5
in whole ice-sheet models lies with the coupling of
grounded ice flow with floating ice flow and with
modeling flow in complex regions such as ice streams-
where the simplilying assumption that one shear stress
largely dominates inland flow and one stretching
stress largely dominates helfy flow breaks down. Prog-
ress is being made in ice-flow models to combine the
rwo traditions of ice-flow modeling in a more compre-
hensive fashion (e.g., Pattyn 2003; Payne et al. 2004).
However, a full calculation of the complete stress dis-
tdbution for wl.role-ice-sheet in egrations over longer
time periods is numerically not yet feasible.
Whole-ice-sheet modeling of the Antarctic Ice
Sheet further involves simulation of surface ma-ss
fluxes (snow fall, wind drift, sublimation, melting fol-
lowed by runoff or refreezing), sinking or rising of the
underlying bedrock in response to changing ice load
heat transfer under the ice and into the bedrock af-
fecting melting/frozen regions and the deforrnation
rate of ice, interactions of ice shelves with the ocean-
and more. Interaction with the atmosphere and the
ocean in large-scale Antarctic Ice Sheet models is
carried out by prescribing the climatic input, consist-
ing of the surface mass balance (accumulation minus
ablation, if any), the surface temperature, and the
basal melting rate below the ice shelves. Changes in
these fields are often heavily parametrized in terms of
air or ocean temperature but can also be derived from
calculations with atmosphere and ocean models-
Models of this type are usually forced by time seri6
of regional temperature changes (available from ice-
core studies) and by the eustatic component of sea-
level change, relative to present values.
Three-dimensional ice sheet models are typically
implemented using finite-difference techniques on a
regular grid of nodes in the two horizontal dimen-
sions, and using a stretched coordinate system in the
vertical. Horizontal grid resolutions are mostly in
the range of l0 to 50 km with between 20 and 100
lavers in the vertical. concentrated towards the base
where the bulk of the deformation takes place. In
finite-difference models, gradients of continuous func-
tions are obtained by dividing the values of the pa-
rameter at grid points by the distance between the
grid points- Finite element implementations also
exist but these are often restricted to a smaller do-
main. An advantage of the finite element method is
that the element size can be reduced in areas of high
gradients and increased in areas of low gradients.
Furthermore, element shapes can be adjusted to con-
form to boundaries that would otherwise be awkward
to model with rectangxlar elements. However, chang-
ing spatial patterns over time and varying ice-sheet
domains have proven to be a challenge to the popu-
larity of finite-element methods in glaciological mod-
eling. Recent Antarctic model studies have benefited
from much improved compilations of crucial input
data such as bed elevation, surface elevation, and ice
thickness that became available on high-resolution
grids from the BEDMAP projecr (Lythe et al. 2001).
Three-dimensional models ofthe Antarctic Ice Sheet
have been used to examine mechanisms and thresholds
ofice-sheet inception during the Tertiary (DeConto and
Pollard 2003), the expansion and contraction of the
Antarctic Ice Sheet during the glacial-interglacial cycles
(Huybrechts 2002), and the likely effects of greenhouse-
induced polar waming (Huybrechts et al. 2004). In
this context, the key interactions being investigated
are between the effects of a change in climate on the
accumulation and ablation fields and the ice sheet's
response in terms of changed geometry and flow, in-
cluding the ice sheet's contribution to the worldwide sea
level stand. Related work considers the Antarctic Ice
Sheets as a boundary condition for other components
ofthe Earth's geophysical system, providing changes in
surface loading for isostasy and gravity models,
or providing changes in freshwater fluxes for ocean
models. Thermomechanical ice-sheet models are also
being used to investigate the potential for internally
generated flow instabilites, especially conceming the
West Antarctic Ice Sheet, or explain recently detected
accelerations of outlet glaciers taking into account
higher-order stress calculations (Payne et al. 2004).
The general appreciation is that current models avaif
able to the community perform best for the largely
continental-based East Antarctic Ice Sheet; however.
many challenges pertain to the modelling of the
marine-based West Antarctic Ice Sheet.
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ICE SHELVES
General Characteristics
Ice shelves are the floating parts of an ice sheet. They
form at the margins where the ice sheet becomes thin
enough to float free of a bed that lies below sea level,
allowing seawater to circulate beneath the ice. Ice-
shelflike features also form in the interior of ice
sheets where the ice floats on subglacial akes. Dyna-
rnically, ice shelves are distinct from other parts of the
511
